The Spindle Position Checkpoint Requires Positional Feedback from Cytoplasmic Microtubules  by Moore, Jeffrey K. et al.
The Spindle Position CheckpCurrent Biology 19, 2026–2030, December 15, 2009 ª2009 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2009.10.020Report
oint
Requires Positional Feedback
from Cytoplasmic MicrotubulesJeffrey K. Moore,1 Valentin Magidson,2 Alexey Khodjakov,2
and John A. Cooper1,*
1Department of Cell Biology and Physiology, Washington
University in St. Louis, St. Louis, MO 63110, USA
2Wadsworth Center, New York State Department of Health,
Albany, NY 12201, USA
Summary
The objective of mitosis is to provide a copy of the genome
to each progeny of a cell division. This requires the separa-
tion of duplicate chromatids by the spindle apparatus
and the delivery of one set of chromosomes to each of the
daughter cells. In budding yeast, the fidelity of chromosome
delivery depends on the spindle position checkpoint, which
prolongs mitosis until one end of the anaphase spindle
arrives in the bud [1–3]. Here we tested the hypothesis that
the activity of the spindle position checkpoint depends on
persistent interactions between cytoplasmic microtubules
and the mother-bud neck, the future site of cytokinesis. We
used laser ablation to disrupt microtubule interactions with
the bud neck, and we found that loss of microtubules from
the neck leads tomitotic exit in amajority of checkpoint-acti-
vated cells. Our findings suggest that cytoplasmic microtu-
bules are used to monitor the location of the spindle in the
dividing cell and, in the event of positioning errors, relay
a signal to inhibit mitotic exit until the spindle is appropri-
ately positioned.
Results and Discussion
In the budding yeast Saccharomyces cerevisiae, every cell
division is intrinsically asymmetric. A genome is delivered to
the daughter cell by drawing one end of the mitotic spindle
through the bud neck, which marks the eventual plane of
cytokinesis. The position of the spindle is controlled by cyto-
plasmic microtubules (cMTs), which project outward from
the spindle pole bodies (SPBs) and interact with the cell cortex
to orient the spindle along the mother-bud axis and then move
one SPB through the neck and into the bud.
When mutations disrupt the interaction of cMTs with the
cortex, spindle movement is often delayed, and mitosis ensues
within the mother. However, the cell arrests in late anaphase
because of a cell-cycle checkpoint mechanism known as the
spindle position checkpoint (SPC) [1–3]. The SPC prolongs
mitosis by inhibiting the mitotic exit network (MEN), thereby
preventing cyclin-dependent kinase inhibition, spindle disas-
sembly, and cytokinesis. Although the molecular mechanisms
by which the SPC may inhibit the MEN have been examined,
how aberrant spindle position activates and maintains the
SPC is poorly understood [4–9].
In principle, the checkpoint must detect the position of the
spindle relative to a landmark. The bud neck may serve as
this landmark, with passage of the daughter-bound SPB*Correspondence: jcooper@wustl.eduthrough the neck being a critical event [10]. A priori, one can
envision sensor mechanisms that either inhibit cell-cycle
progression when the spindle is not in the neck or promote
cell-cycle progression when the spindle does enter the neck.
Based on previous studies, the extension of cMTs from the
SPBs through the bud neck appears to correlate with SPC
activity [3, 10, 11]. We observed that cells with mispositioned
anaphase spindles exhibit at least one cMT in the bud neck,
whereas cells containing properly positioned anaphase spin-
dles (i.e., ones that have moved into the neck) do not exhibit
cMTs in the neck (see Table S1 available online). Movies of
live cells reveal that cMTs persist in the neck for 97.5% 6
0.6% (mean 6 standard error of the mean [SEM]; n = 41 cells)
of the time when the anaphase spindle is within the mother
(Movie S1). These cMTs depolymerize out of the neck at a
frequency of 0.56 0.1 events3 cell213 hour21 (mean6 SEM;
n = 41 cells). Subsequently, the same microtubule or a new
microtubule grows back into the neck after an average time of
2.5 6 0.3 min (mean 6 SEM; n = 28 events). Within this data
set, we found that the loss of cMTs from the neck increased
the likelihood of checkpoint failure. When cMTs did not leave
the neck for the duration of the movie or were absent from the
neck for less than 2.5 min, cells remained arrested in anaphase
(20 of 21 cells and 7 of 8 cells, respectively). In contrast, loss of
cMTs from the neck for more than 2.5 min was often followed
by spindle disassembly, indicative of checkpoint failure (7 of
10 cells). This observation is similar to the previous finding
that, in some cases, inappropriate mitotic exit within the mother
is preceded by the loss of cMTs from the neck [3]. These data
are also consistent with the finding that mutations that disrupt
cMTs (i.e., cnm67D and tub2-401) lead to loss of microtubules
from the neck and impaired SPC fidelity [3].
We sought to test directly whether the interaction between
cMTs and the bud neck is important for SPC activity. To
disrupt this interaction, we performed laser microsurgery of
GFP-labeled microtubules in cells that were arrested by the
SPC secondary to the loss of dynein. Dynein mutants are
defective for pulling the spindle through the neck, leading
to the accumulation of SPC-arrested cells. Irradiation with
pulses of 539 nm light was sufficient to sever individual
cMTs between the bud neck and SPB. Severing was evident
by the displacement of a distal fragment from the remaining
microtubule. After severing, both the fragment and remaining
microtubule depolymerized (Movie S2). Fragments appeared
to shorten primarily from the newly formed minus end,
although shortening from the plus end was observed occa-
sionally. The remaining microtubule shortened back to the
SPB by depolymerization from its plus end, consistent with
previous evidence that minus ends at the SPB are anchored
and inert [12]. Within several minutes following depolymeriza-
tion, cMTs grew back from the SPB. Often, a new microtubule
grew into the bud neck. Thus, microirradiation led to a transient
loss of cMTs from the bud neck of SPC-arrested cells.
After cMT disruption, we asked whether cells remained
arrested in anaphase by monitoring the spindle for up to
90 min. We observed several outcomes. First, a portion of cells
corrected the spindle position defect by moving one end of the
spindle across the bud neck (9 of 38 cells). This translocation
Figure 1. Mitotic Arrest Is Disrupted by the Loss of Cytoplasmic Microtubules from the Bud Neck
(A) Spindle disassembly following the disruption of microtubule-neck interactions. Time-lapse images of microtubules labeled with GFP-tubulin and the
actomyosin ring labeled with RFP-myosin-II/Myo1 in a dyn1D mutant are shown. The cytoplasmic microtubule extending across the bud neck in the first
panel was irradiated between the spindle pole body (SPB) and the bud neck at the site marked by the arrowhead. After ablation, a new microtubule
grew into the neck within 5 min. Spindle disassembly began approximately 14 min after ablation, evidenced by the loss of interpolar microtubules and
the resolution of the two spindle poles. The actomyosin ring encircles the bud neck during mitosis and contracts during mitotic exit, concomitant with
spindle disassembly. The merge series depicts tubulin in green and myosin-II in red. Each image is a composite of three planes separated by 1 mm. Scale
bar represents 2 mm. Strain: yJC6877.
(B) Percentage of dyn1D cells that exhibit spindle disassembly within 90 min of the indicated manipulation. ‘‘Uncut’’ cells were not targeted for ablation.
‘‘dMT loss’’ denotes neck-interacting microtubules that were severed between the neck and SPB. ‘‘mMT loss’’ denotes microtubules that were present
entirely within the mother compartment, did not interact with the neck, and were severed near the SPB. ‘‘Near dSPB’’ denotes cells in which the ablating
beam was targeted to a region of the cytoplasm within 2 mm of the SPB that harbored a neck-interacting microtubule. Error bars are the standard error
of proportion. *p < 0.05, compared to uncut cells, as determined by Fisher’s exact test.
(C) Only microtubules that interact with the bud neck are necessary for the maintenance of the spindle position checkpoint (SPC). The microtubule
emanating from the spindle pole that is distal to the neck was ablated at the site marked by the arrowhead, and the spindle remained intact for >90 min after
ablation. Strain: yJC5603.
(D) Irradiation near the dSPB does not disrupt the SPC. The ablating beam was targeted to a region of the cytoplasm indicated by the arrowhead. The spindle
remained intact for >90 min afterward. Strain: yJC5603.
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2027satisfied the SPC, prompting spindle disassembly. Unirradi-
ated control cells exhibited a similar rate of spindle correction
over 90 min (16 of 83 cells).
When the spindle remained in the mother after cMT disrup-
tion, 59% of cells (17 of 29 cells) disassembled the spindle and
appeared to exit mitosis. Interpolar microtubules were totally
lost, and the two SPBs moved independently. In separate
experiments, we confirmed that spindle disassembly after
cMT disruption was soon followed by cytokinesis, evident by
the contraction and disappearance of the actomyosin ring
from the bud neck (Figure 1A). Cytokinesis was similarly
coupled with spindle disassembly during appropriate mitotic
exit after one SPB entered the bud (Movie S3; [3]). Therefore,
mitotic exit may be prompted by the loss of cMTs from the
bud neck. In 7% of cells with the spindle in the mother (2 of
29 cells), the spindle became bent and elongated (Figure S1).
These events were rare, and the cell-cycle status of these cells
is uncertain. Finally, the morphology of the spindle was largely
unchanged in 34% of cells (10 of 29 cells), suggesting that
these cells maintained SPC arrest despite the transient loss
of cMTs from the neck.As one negative control, we monitored SPC arrest in unirra-
diated cells within the field. The majority of these cells
remained in mitosis while the spindle was positioned within
the mother (84%, 56 of 67 cells). Spindle disassembly within
the mother did occur, but at a lower frequency than that
observed after cMT loss (Figure 1B; 13%, 9 of 67 cells; p <
0.0001). In 2 of 67 cells, the spindle became bent and elon-
gated within the mother, suggesting that the frequency of
this outcome is not due to cMT loss (3%; p = 0.58 compared
to cMT-ablated cells).
Spindle disassembly within the mother is reminiscent of
checkpoint-deficient mutants that fail to inhibit the MEN
([1–3]; Movie S4). To verify that mitotic exit following the loss
of neck-interacting cMTs was due to activation of the MEN,
not some aberrant pathway, we ablated neck-interacting
microtubules in mutants carrying the temperature-sensitive
cdc15-2 allele, which blocks progression through the MEN
[13, 14]. These cells maintained anaphase spindles after cMT
disruption (10 of 10 cells). Together, these data indicate that
the loss of cMTs from the bud neck activates the MEN, consis-
tent with a disruption of the SPC.
Figure 2. Damaging the Spindle Pole Bodies or Spindle Microtubules Does Not Prompt Mitotic Exit
Time-lapse images of microtubules labeled with GFP-tubulin and actomyosin rings labeled with RFP-myosin-II/Myo1, from movies of dyn1D mutant cells.
Merge series depicts tubulin in green and myosin-II in red. Each image is a composite of three planes separated by 1 mm. Strain: yJC6877.
(A) Ablation of the dSPB. Arrowhead marks the dSPB, which harbors the neck-interacting microtubule and was targeted for ablation. The spindle collapses
within 18 min of irradiation. The actomyosin ring does not contract within 115 min, despite the migration of one of the resolved spindle poles into the bud at
56 min, indicating that this cell has not exited mitosis.
(B) Severing the spindle. The ablation beam was targeted to spindle microtubules, denoted by the arrowhead, resulting in the destruction of the spindle and
resolution of the spindle poles. The spindle reforms by 29 min; however, this association is lost by 62 min. One spindle pole enters the bud at 89 min. The
actomyosin ring does not contract within 119 min, indicating that this cell has not exited mitosis.
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2028Next, we asked whether SPC failure was specifically attrib-
utable to the disruption of cMTs in the neck. To make this
determination, we irradiated other sites within SPC-arrested
cells. First, we tested whether loss of other cMTs (i.e., ones
that did not pass through the neck) could disrupt the check-
point. We identified SPC-activated cells with cMTs extending
from one SPB through the neck, and we ablated cMTs at the
alternate SPB (Figure 1C). After ablation, the majority of these
cells remained in mitosis, and the frequency of spindle disas-
sembly was similar to that observed in unirradiated cells
(Figure 1B; 2 of 14 cells; p = 0.65). To test whether irradiation
could promote spindle disassembly by damaging the SPBs,
we first targeted regions of the cytoplasm near the SPB
that harbored the bud-directed cMT (dSPB; Figure 1D). This
did not enhance the frequency of SPC failure (Figure 1B; 4 of
19 cells; p = 0.47 compared to control cells). Next, we targeted
irradiation directly to the SPBs, with a level of energy sufficient
to sever cMTs. In nearly all of these cases, the spindle
collapsed; however, the actomyosin ring did not contract, indi-
cating that cells remained in mitosis (Figure 2A). We observed
this outcome regardless of whether the dSPB (14 of 15 cells) or
alternate SPB (mSPB; 5 of 6 cells) was targeted. Furthermore,
this treatment did not destroy the function of the SPBs, given
that dynamic microtubules emanated from both SPBs afterspindle collapse and occasionally formed a transient spindle-
like linkage. Surprisingly, we observed that after spindle
collapse, the passage of one SPB through the bud neck did
not prompt mitotic exit (Figure 2A). This may be explained by
the activation of alternative checkpoints in these cells, or
perhaps by a role for the spindle in MEN signaling. Directly
severing the microtubules of the spindle elicited similar
behaviors but did not provoke mitotic exit (7 of 9 cells;
Figure 2B). Together, these results substantiate our experi-
mental approach and demonstrate that SPC failure is specifi-
cally induced by the loss of cMTs from the bud neck.
Our finding that some cells maintain the SPC after the
disruption of cMTs in the bud neck suggests that the transient
absence of cMTs may not be sufficient to disrupt the SPC. We
reasoned that prolonged absence might diminish SPC activity;
therefore, the recovery of new cMTs into the neck might deter-
mine the outcome. By comparing the timing of cMT recovery in
the neck, we found that the duration of cMT absence was not
significantly different between cells that exited mitosis versus
those that maintained the SPC (Figure 3A). We did, however,
discover a significant difference in the persistence of new
cMTs in the neck. cMTs briefly visited the neck before depoly-
merizing away in cells that aborted the SPC (Figure 3B). In
contrast, cMTs grew back into the neck and persisted—often
Figure 3. Checkpoint Stability Correlates with the Recovery of Persistent
Microtubules in the Bud Neck
(A) Box-whisker plot of elapsed time between the ablation of neck-interact-
ing microtubules and the arrival of new microtubules in the neck was deter-
mined for cells that subsequently underwent inappropriate mitotic exit in
the mother (IME; n = 17 cells) or remained arrested in mitosis (chkpt; n =
10 cells). These two data sets were not significantly different, as determined
by t test (p = 0.93).
(B) Persistence of new microtubules in the bud neck. Box-whisker plot of
elapsed time between the growth of a new microtubule into the neck and
the depolymerization of that microtubule out of the neck. For the majority
of cells that remained arrested in mitosis, the new microtubule persisted
in the bud neck for the remainder of the 90 min movie. These data sets
were significantly different by t test (p < 0.001).
(C) Dynamic interactions between microtubule plus ends and the bud cortex
during checkpoint arrest. Movies of unirradiated dyn1D cells expressing
GFP-tubulin were collected by confocal microscopy (see Experimental
Procedures). When microtubule ends moved away from the cortex, the
amount of time before the ends returned to the cortex was determined.
Two hundred and ten events were measured in 23 cells. Strain: yJC5603.
(D) Disruption of microtubule plus-end interactions with the bud cortex does
not affect the SPC. The GFP-labeled microtubule crossing the bud neck was
ablated near its plus end, at the site marked by the arrowhead. After ablation
of the plus end, the microtubule resumed growth within approximately 1 min
and the spindle remained intact for >90 min. Strain: yJC5603.
Figure 4. Relationship between the Timing of Spindle Disassembly and
Either the Passage of One SPB into the Bud or the Loss of Microtubules
from the Bud Neck
‘‘No checkpoint’’ histogram depicts the time elapsed between the arrival of
one pole of an elongating anaphase spindle in the bud and subsequent
spindle disassembly in 132 cells with properly aligned spindles that do
not exhibit checkpoint-dependent delay; from movies of GFP-tubulin
collected on a confocal microscope (20.36 3.6 min; mean6 standard devi-
ation [SD]). Dashed lines indicate the 95% confidence interval (mean 6
2 SD). ‘‘Checkpoint failure after microtubule loss’’ depicts the time elapsed
between the ablation of neck-interacting microtubules and spindle disas-
sembly within the mother compartment in 17 cells. ‘‘Checkpoint satisfac-
tion’’ depicts the time between the arrival of one spindle pole in the bud
and spindle disassembly in cells that correct spindle alignment defects after
checkpoint-dependent anaphase delay; from movies collected on a
confocal microscope of 52 cells expressing GFP-tubulin (21.1 6 9.1 min;
mean 6 SD). Dashed lines indicate the 95% confidence interval. Scales of
the y axes are not equivalent. Strain: yJC5603.
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2029for the remainder of the 90 min movie—in cells that maintained
the SPC. This difference was not dependent on whether the
cMT that reentered the neck grew from the SPB that harbored
the original neck-interacting cMT or the alternate SPB (data
not shown). These results indicate that after the disruption of
cMT-neck interactions, the stability of the SPC may depend
on the restoration of persistent cMTs in the neck.
The cMTs that cross the bud neck often contact the bud
cortex, raising the possibility that cMT-cortex interactions
may contribute to the SPC. Movies of unirradiated control
cells reveal that cMT-cortex interactions are dynamic, with
microtubule ends leaving the cortex at a frequency of 1.0 6
0.1 events 3 cell21 3 min21 (mean 6 SEM; n = 23 cells) for
periods averaging 22.7 6 1.4 s (mean 6 SEM; n = 210 events;
Figure 3C). We tested whether increasing the duration of cMT
absence from the bud cortex might promote SPC failure by
severing cMTs in the bud within several mm of the plus end.
In 9 of 10 cells, the remaining microtubule did not shortensufficiently to leave the neck (Figure 3D). Instead, the new
plus end paused or briefly depolymerized before resuming
growth and reestablishing contact with the cortex. In separate
experiments acquired with greater time resolution, we deter-
mined that the average time between ablation near the plus
end and new contact with the bud cortex was 60 6 5 s
(mean6 SEM; n = 10 cells; Movie S5). Prolonged loss of inter-
action with the bud cortex did not perturb the SPC in any of the
nine cells. For the one case in which the remaining microtubule
did shorten out of the neck, the cell exited mitosis. These data
support the hypothesis that SPC activity relies on cMT interac-
tions with the neck rather than the bud cortex.
During a normal mitosis, the timing of mitotic exit is tightly
linked to the movement of the dSPB into the bud [3, 10]. If
the disruption of cMT-neck interactions deactivates the SPC
in the same fashion, then mitotic exit after cMT loss might
exhibit similar kinetics. In control cells with properly aligned
spindles, spindle disassembly occurred 20.2 6 3.6 min
(mean 6 standard deviation [SD]; n = 132; Figure 4) after the
dSPB crossed the neck. In contrast, after the disruption of
cMT-neck interactions by laser irradiation, the timing of spindle
disassembly was variable (Figure 4). One possible explanation
is that the kinetics of mitotic exit are altered after SPC arrest.
Consistent with this notion, we found greater variability in
the timing of spindle disassembly in control cells that experi-
enced SPC arrest before correcting spindle misalignment
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2030(21.16 9.1 min; mean6 SD; n = 52; Figure 4). Thus, the loss of
cMTs from the bud neck may promote mitotic exit on a time-
scale similar to checkpoint satisfaction, but the delayed mitotic
exit seen in some ablated cells suggests that the passage of
a spindle pole into the bud prompts more efficient deactivation
of the SPC.
In this study, we demonstrate that the persistent interaction
of cMTs with the bud neck promotes the activity of the SPC.
We propose that cMTs contribute to a feedback mechanism
that relays SPC-activating signals from the bud neck to the
SPB. The SPB is a key site of SPC signaling; the localization
of checkpoint proteins to the SPB correlates with activity,
and this localization is influenced by cell polarity and cMTs
[7, 8, 10, 15]. The nature of the SPC sensor that detects micro-
tubule interactions is not clear. This mechanism could be
based on forces generated by cMT plus ends contacting the
bud cortex; however, we found that the disruption of cMT-
cortex interactions did not affect SPC integrity. Alternatively,
cMT-associated factors may stimulate SPC regulators at the
bud neck. Several proteins at the neck are important for SPC
function, including the septins, Bud6, and the Kin4 kinase
[4–6, 11]. It will be important to determine the molecular details
of this signaling mechanism.
Experimental Procedures
Microscopy
Details of sample preparation and microscope systems are provided in the
Supplemental Experimental Procedures. Time-lapse analysis of microtu-
bule dynamics in live cells was performed with asynchronous mid-log
cultures of dyn1D cells expressing GFP-Tub1 (strain yJC5603). Images
were captured on a spinning disk confocal microscope. Preliminary ablation
experiments were carried out on a custom-built laser microsurgery system
that utilizes 532 nm 8 ns pulses [16]. Subsequent experiments were per-
formed with a MicroPoint laser ablation unit (Photonic Instruments), which
included an NL100 nitrogen laser (Stanford Research Systems) tuned to
539 nm by coumarin dye.
Data Analysis
Statistical significance of spindle disassembly events was determined by
Fisher’s exact test. Statistical significance of the timing of microtubule
absence or recovery was determined by t test.
Supplemental Data
Supplemental data include Supplemental Experimental Procedures, two
tables, one figure, and five movies and can be found online at http://www.
cell.com/current-biology/supplemental/S0960-9822(09)01839-9.
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